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The association between venous structural
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Objective: Abdominal aortic aneurysms (AAAs) are associated with generalized arterial dilation, torturosity, and altered
matrix composition, which suggests a generalized systemic weakness throughout the entire vasculature. The aim of this
study was to determine whether this phenomenon was present in the venous tissue of patients with AAA.
Methods: A segment of inferior mesenteric vein was harvested from patients who underwent aneurysm repair (n  11) or
colectomy for diverticulosis (n  11; control). Matrix composition of the vessel was determined with stereology, and
dimensions were measured with a computerized image analysis system. Stress-strain measurements were calculated with
elongation of inferior mesenteric vein tissue with a tensile-testing machine.
Results: Histologic examination results showed fragmentation of elastin fibers within the medial layer of venous tissue
obtained from patients with AAA. The medial elastin content in tissue from patients with aneurysms was 19.4%,
compared with 26.8% in the control group (P  .018). Mechanical test results revealed a significant reduction in the
tensile strength from 2.885 MPa in the control group to 1.405 MPa in the AAA group (P  .007). This reduction
corresponded with a significant reduction of 59% in the stiffness of the vessel, with the mean Young’s modulus of elasticity
in the AAA group being 2.72 MPa, compared with 5.361 MPa in the control group (P  .0005).
Conclusion: Reduction in tensile strength and stiffness in venous tissue from patients with AAA was associated with
disruption and reduction of the elastin content of the vein wall. These changes are analogous to those observed in the
arterial aneurysmal wall and confirm the systemic nature of this disorder. (J Vasc Surg 2002;35:937-42.)
The aneurysmal aorta is characterized by remodeling of the
vascular extracellular matrix, excessive proteolysis, and an
inflammatory infiltrate. One key feature of the aneurysmal
wall is disruption of the tunica media, which results in a
reduction of the numbers of vascular smooth muscle cells
(SMCs)1 and loss of the important viscoelastic protein,
elastin.2-4 These alterations in the medial composition lead
to compromised function, which allows eventual dilation of
the aortic wall.
Although abdominal aneurysm formation appears a
focal event, patients with abdominal aortic aneurysm
(AAA) often have other aneurysms at sites remote from the
abdominal aorta. Considerable evidence has suggested the
systemic nature of this degenerative disease.5,6 Ward7 re-
vealed generalized arteriomegaly in patients with aneu-
rysms, and Baxter et al8 showed matrix abnormalities in
macroscopically normal arterial tissue. Interestingly, these
findings are not unique to the arterial system; Loftus et al9
showed an increased prevalence of vein graft aneurysms in
patients with arterial aneurysmal disease.
The tensile strength of the aorta is attributed to colla-
gen fibers, the amount of elastin, and the number of
vascular SMCs. During normal physiologic remodeling,
matrix degradation is precisely controlled by a combination
of proteinase/inhibitor systems, tissue compartmentaliza-
tion, cell surface, and pericellular location. However, in
pathologic conditions, such as aneurysmal disease, tissues
appear to undergo matrix degradation, caused by cytokine-
induced proteinase synthesis and activation without com-
partmentalization or sufficient endogenous inhibition.
He and Roach1 showed that the increased stiffness of
aneurysmal aortic tissue was associated with a reduction in
elastin, and Raghaven, Webster, and Vorp10 showed a
reduction in the strength and stress of aneurysmal-derived
tissue. Sonesson, Hansen, and Lanne11 measured pulsatile
diameter changes with noninvasive ultrasonic echo tracking
and also found increased stiffness in the aorta of patients
with AAA. Interestingly, this study also showed a similar
finding in the common carotid artery, thus giving further
evidence that AAA is potentially a systemic disease.
No in vitro study has been performed to investigate the
tensile properties of venous tissue from patients with aneu-
rysms. Previous investigations have shown that abnormal
quantities of proteolytic enzymes are produced in the ve-
nous tissue of patients with AAA.12 The aim of this study
was to quantify the biomechanics of the inferior mesenteric
vein (IMV) harvested from control subjects and patients
with arterial aneurysms. The principal hypothesis of the
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investigation was that AAA represents a localized manifes-
tation of a systemic disease and that altered biomechanics
may be detectable throughout the vasculature.
METHODS
Study design. This study was performed with the
approval of the Leicestershire Research Ethics Committee.
Two groups of patients were recruited: those with trans-
peritoneal repair of AAA and those with left colonic resec-
tion for benign colonic pathology. All patients underwent a
standard preoperative assessment, and patient demograph-
ics are given in Table I. No statistical difference with regard
to age (P .577) or sex (P .587) was noted between the
two groups.
Tissue collection. At operation, a segment of IMV
was excised from a standard location immediately anterior
to the abdominal aorta. This vein was placed immediately in
minimal essential medium on ice and transported to the
laboratory.
Paraffin-embedded sections. Venous tissue was
fixed in fresh cold 4% paraformaldehyde for 24 hours.
Tissue specimens then were dehydrated in 95% industrial
methylated spirits for 2 hours, followed by 99% industrial
methylated spirits for 7 hours, and finally xylene for a
further 3 hours. The dehydrated samples finally were em-
bedded in paraffin for 4 hours. The venous tissue were
sectioned at 4 m onto silane-coated slides and dried at
37° C before staining with elastin van Geison counterstain
(EVG) or hemotoxylin and eosin.
Stereologic tissue analysis. The relative proportion
of elastin, collagen, and SMC in the extracellular matrix was
determined with stereologic analysis as described by Wills
et al.13 EVG-stained sections were viewed at 400 magni-
fication with an Olympus microscope (Hamburg, Ger-
many) fitted with an eyepiece graticule with a 100-point
test grid (Graticles, Kent, United Kingdom). One hundred
test points were analyzed. Test points that hit black repre-
sented elastin, pink represented collagen, and ground sub-
stance and yellow represented SMC. With the average of
eight of these fields, it was possible to calculate the relative
concentrations of elastin, collagen, and SMC within the
tissue. Fields were chosen at random within the medial,
intimal, and adventitial layers for all slides. To avoid bias, all
sections were made blind to the observer.
Thickness measurements. EVG-stained wax-
mounted sections were used to measure structural thick-
nesses. Measurements of intima, medial, and adventitial
diameters were made with computerized image analysis
system (Kontron, Videoplan, Munich, Germany). Slides
were viewed with high-power magnification, and an elec-
tronic image was captured with an Apple computer (Apple,
Inc, Sunnyvale, Calif). A total of 30 calibrated measure-
ments were made at each point evenly distributed across the
whole section. Intimal thickness was defined as the distance
between the endothelium and the outer border of the
internal elastic lamina. Medial thickness was defined as the
distance between the internal elastic lamina and the exter-
nal elastic lamina. Adventitial thickness was measured as the
distance between the external elastic lamina and the outer-
most edge.
Mechanical testing. Veins were cleaned of blood and
adipose tissue and then cut longitudinally open. A strip of
tissue 5 mm wide by 20 mm long was dissected. Accurate
measurements of width, thickness, and length were made at
five points along the vein with calipers, and an average for
each vein was recorded. Stress and strain measurements
were taken with a Microtest tensile tester (Deben Research
LTD, Suffolk, United Kingdom). A strip of vein was loaded
into the tester and secured between two clamps that had
been coated with sandpaper to avoid slippage. Precondi-
tioning of each specimen was necessary to minimize stress
relaxation. This was achieved with loading and unloading
less than 10% strain several times. The test was performed at
room temperature, and the specimen was kept moist with
saline solution. The original length of the tissue was re-
corded at zero load, which was identified with a force of
0N. Any slackness of the tissue gave a negative value. The
tissue was stretched at a constant rate of 1 mm per minute
until the fracture point was reached. Because the original
length of each specimen was approximately 10 mm, this
represented a strain rate of 10% per minute. Force measure-
ments were collected with a 300N four-strain gauge
quadrature load cell (model number MT-300-LD300) cal-
ibrated against a National Accreditation of Measurement
and Sampling load cell (model number ELPM-T2M-
125N/ELPM-T2M-5KN), and elogation measurements
via a linear transducer, contained within the Microtest
tensile tester (Deben Research LTD). The output signal
was magnified with an amplifier and converted from cur-
rent to voltage. A 12-bit analog-to-digital converter digi-
tized the load cell output to discrete values that were stored
and analyzed with a stand-alone dedicated computer with
Deben microtest version 2.06 software (Deben Research
LTD). Force and specimen length were recorded for each
specimen.
The stress-strain curve was plotted for each of the
specimens tested. The tensile strength or maximum stress
() of the tissue, attained before failure, was calculated for
each specimen, as was the strain () at this point. The
Young’s modulus of elasticity (E) also was calculated from
the stress-strain curve as the change in stress divided by the
change in strain. E was calculated from the linear part of the
stress-strain before the yield point was reached. The yield
point was defined here as the stress in which the slope of the
stress-strain curve first began to decrease with increased
strain. After the yield point, it was assumed that permanent
inelastic damage occurred to each specimen. All results
Table I. Demographic data of patients in study
AAA Control P value
Age (y) 69 (63-79) 67 (58-86) .577
Male gender 91% 73% .587
Aortic diameter (cm) 5.6 (4.6-7.5) 2.5 .0001
Values are expressed as median (range).
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were calculated blind to ensure user-independence and
analyzed with a computer (Microsoft Excel 2000). (Calcu-
lations of stress and strain can be found in the Appendix,
online only).
Statistical analysis. All statistical tests were per-
formed with Prism GraphPad 2.01 software (Graphpad
Software, San Diego, Calif). Mann-Whitney rank sum test
was used for analysis of continuous variables, and Fisher
exact test for discrete variables. All calculations were ex-
pressed as median values, with interquartile ranges (IQRs).
Scanning electron microscopy. Images of IMVs
during mechanical testing were obtained with an environ-
mental scanning electron microscope (model XL30, Philips
Electronics, Cambridge, United Kingdom). Environmen-
tal “wet” mode scanning electron microscopy was used,
allowing a pressure of as much as 10 mm Hg to occur in the
chamber. The advantage of this technique is that no fixing
is necessary and the specimen can remain hydrated.
RESULTS
Stereologic tissue analysis. Histologic analysis re-
sults showed a visible reduction in the amount and integrity
of elastin in the IMV from patients with aortic aneurysms
(Fig 1). The relative proportions of collagen, elastin, and
SMC were calculated for the intimal, medial, and adventi-
tial layers with stereologic analysis of paraffin-embedded
sections (Table II). No difference was shown in the com-
position of the intimal layer. The medial layer was markedly
different, with a significant reduction in the integrity and
amount of elastin in the venous tissue obtained from pa-
tients with AAA. This difference also was noted in the
elastin content of the adventitial layer.
Vein thickness. No difference was shown in the
overall thickness of the veins from either group, neither was
there any significant difference in the intimal, medial, or
adventitial layers of the vein. The results are summarized in
Table III.
Scanning electron microscopy. The stress-strain
curves for all the veins showed a classic nonlinear relation-
ship. The slope can be divided into four distinct regions.
The initial phase represents the uncoiling of the collagen
and elastin fibers, and as more become load-bearing, the
stress necessary for elongation increases. Once all fibers
have been straightened, the stress-strain curve becomes
linear, representing the linear elastic phase. The yield point
is reached when the slope first begins to decrease with
increased strain. Finally, the fracture point occurs where
failure of the tissue results in the stress falling back to zero.
Scanning electron microscopic images of IMV under
stress are illustrated in Fig 2. This figure shows the fibrous
nature of the tissue. The image was taken after the yield
point but before failure of the tissue. Some of the fibers
have failed under the stress, therefore explaining the de-
crease in the slope of the stress-strain curve beyond the yield
point.
Stress-strain measurements. A distinct difference in
the tensile strength of the two groups of veins was ob-
served. The median stress necessary for failure of the IMV
structure was 1.405 MPa (IQR, 0.826 to 2.469 MPa) in
the AAA group compared with 2.853 MPa (IQR, 2.044 to
Fig 1. Representative EVG and hemotoxylin and eosin stained
sections of IMVs from patients with AAA (A,C) and control
subjects (B,D). Original magnification, 200.
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4.197 MPa) in the control group. This represented a 51%
reduction in the tensile strength of the IMV from the AAA
group (P .007). However, no difference was observed in
the extensibility necessary for this failure. The median strain
in the IMV of 0.682 (IQR, 0.370 to 1.009) from the AAA
group was compared with 0.524 (IQR, 0.462 to 0.779) in
the control group (P  .793).
Fig 3 shows the stiffness of the two groups of IMV. The
control group curve is steeper and shifted to the left, which
shows a stiffer vessel. The maximum stiffness of the vessel
was calculated with Young’s modulus, defined as the slope
of the stress-strained curve. A clear difference was observed
between the two groups of IMV. The median Young’s
modulus of the IMV from the AAA group was 2.223 MPa
(IQR, 2.024 to 3.099 MPa) compared with 5.361 MPa
(IQR, 4.163 to 8.089 MPa) in the control group. This
represented a 59% reduction in stiffness of the AAA-derived
vein (Mann Whitney: U  7.0; P  .0005). All tensile
measurement results are summarized in Table IV.
DISCUSSION
This study showed that the IMVs of patients with
abdominal aneurysms exhibit less strength and stiffness
than veins from control subjects. The findings from the
study confirm previous observations that abdominal aneu-
rysms are a localized manifestation of a systemic disease that
affects the entire vasculature.
Blood vessels are primarily composed of SMCs, endo-
thelial cells, and connective tissue, which are suspended in a
gelatinous ground substance. It is these matrix components
that are responsible for mechanical properties of the vessel
wall. The mechanical properties can be divided into two
Table II. Relative composition of collagen (collagen, ground substance, and other material), elastin, and SMC in IMVs
collected from patients with AAA and control subjects
Fraction
Percent composition
P value ReductionAAA Control
Intima Collagen 27.1 (18.9-38.7) 25.3 (18.8-32.5) .622
Elastin 38.9 (33.5-48.0) 42.5 (37.9-57.0) .200
SMC 37.1 (28.5-41.5) 32.1 (17.8-34.8) .101
Medial Collagen 35.0 (26.9-42.0) 30.3 (27.7-38.7) .694 28%
Elastin 19.4 (17.2-24.8) 26.8 (23.7-29.9) .018
SMC 43.3 (41.0-52.9) 41.8 (37.7-49.7) .431
Adventitia Collagen 44.0 (42.4-53.5) 45.5 (43.2-48.2) .870 23%
Elastin 20.8 (17.0-25.1) 27.0 (21.4-38.0) .026
SMC 33.4 (26.6-40.9) 26.9 (21.7-32.3) .039
Values are expressed as median (range).
Table III. Dimensions of IMV collected from patients
with AAA and control subjects
Median thickness (m; IQR)
P valueAAA Control
Intima 15.4 (12.6-68.0) 16.1 (14.5-66.5) .646
Media 90.3 (77.6-145.5) 143.0 (96.4-243.2) .131
Adventitia 375.4 (250.6-542.1) 328.3 (257.0-415.1) .470
Total 485.0 (374.3-755.0) 486.4 (444.3-634.6) .844
No significant difference was shown, although slight reduction in medial
layer was noted.
Values are expressed as median (range).
Fig 2. Scanning electron microscopic images of IMV during
stress-strain testing. Images show fibrous structure of venous tis-
sue. Image was taken at fracture point of tissue.
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components: active and passive. The active component is
mainly attributed to the SMCs, which are responsible for
maintaining homeostasis and controlling blood pressure.
Interestingly, SMC apoptosis is a feature of developed
aneurysms14 and may contribute to altered mechanical
properties. However, active mechanical properties have
been shown to only contribute slightly to the overall
strength of the structure,15 and therefore SMC properties
were not investigated in detail in this study.
The strength of a blood vessel is almost entirely the
result of its passive component, in particular the connective
tissue.16 The connective tissue is predominately comprised
of two major fibrous proteins: collagen and elastin. It is
believed that the failure of these connective tissue proteins
leads to dilation and eventual rupture of aneurysmal tissue.
Dobrin, Baker, and Gley17 revealed that arteries will only
dilate in the presence of elastin degradation, whereas col-
lagenolysis led to dilation and rupture of the treated vessel.
This important experiment showed that although elastin
failure appears to be important to initial formation of the
aneurysmal aorta,18 it is the failure of the collagen that leads
to eventual rupture.
This investigation showed a reduction in both amount
and integrity of medial and adventitial elastin in venous
tissue obtained from patients with AAA. Previous studies
have shown a decrease in arterial elastin content early in the
formation of aortic aneurysms19,20 or a reduction in the
relative elastin-to-collagen ratio.21 Reduction in the elastin
content is critical to the overall structure of the vasculature
because turnover by SMC is extremely low.3 Fragmenta-
tion of elastin fibers is thought to be an early step in
aneurysm genesis,22 and the breakdown product, elastin
derived peptide, has been shown to act as a chemoattractant
for inflammatory cells.23
Stress characteristics showed that this reduction in elas-
tin appeared to lead to weakness in venous tissue obtained
from patients with AAA. The tensile strength was half that
of the control tissue. Interestingly, the strain at this point
did not appear to differ. During normal pulsatile blood
flow, elastin appears to act as a buffer absorbing the oscil-
lating shock wave and maintaining the blood vessel’s nor-
mal dimensions. Stiffness is provided by collagen,16 which
is likened to a protective shield that only comes into play as
the vessel dilates. Thus, an aneurysmal aorta is stiffer that a
normal one.21
Previous investigations on healthy arteries have shown
that elastin gives support in circumferential and longitudi-
nal directions but collagen mainly bears load in the circum-
ferential direction.17,24 However, Raghaven, Webster, and
Vorp10 tested the mechanical properties of the longitudinal
and circumferential AAA specimens and found no differ-
ence in any of the mechanical properties. In this study,
measurements were only taken in the longitudinal direction
because of the circumference of the vein. In light of previ-
ous findings, this should not affect the result. Interesting,
the median extensibility of the vein in the AAA group was
0.682 and in the control group 0.524, which is 68% and
52% elongation, respectively. This is almost identical to the
value for elastin, which can stretch as much as 70% of its
original length.25 However, collagen, which in its uncoiled
form can only be stretched 2% to 4%, is normally torturous
in native vessels and only bears load once straightened. So it
remains possible that collagen also is being measured.
The stiffness of the IMV segment was measured with
quantification of Young’s modulus at the linear part of the
stress-strain curve. This showed that the control tissue was
stiffer than that obtained from patients with AAA, a finding
that at first appears to contradict those from other
groups.12 In the wall of aortic aneurysms, compensatory
collagen deposition in the adventitia is observed,26 which
helps to stabilize the aneurysm and also results in increased
stiffness. In this model, compensatory collagen deposits
would not be necessary because the venous system is not
placed under the same stress as those of the arterial net-
work. So, the reduction in stiffness may represent deterio-
ration in the elastin fibers. This failure of elastin is consis-
tent with elongation and tortuosity of the aneurysmal vessel
and carotid artery from the same patients.5,27
A possible explanation for the differences in the struc-
tural and biomechanical properties may be age and gender
differences. However, in this study, no significant differ-
ences were noted between either of these factors in the two
groups of patients.
Recent studies have postulated a pivotal role for matrix
metalloproteinase-2 (MMP-2) in early aneurysm forma-
tion. MMP-2 has substrate specificity for elastin and fibrillar
collagen.28 This enzyme is the principle metalloproteinase
in small aneurysms,29 and mesenchymal cells in aneurysmal
tissue exhibit increased messenger RNA levels.30 Previous
experiments have focused on the possible etiologic role of
MMP-2 in aneurysm genesis. Crowther et al31 showed that
SMCs derived from aneurysmal aortas produced three-fold
Fig 3. Figure shows stiffness of IMV collected from patients with
AAA and control subjects. AAA specimens generally have curve
shifted to right and have shallower slope than control group.
Figure shows that AAA tissue is generally less elastic or not as stiff
as control tissue.
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higher levels of MMP-2 than did cells from age-matched
atherosclerotic tissue. This increased MMP-2 production re-
sulted from increased MMP-2 transcription. Furthermore,
this phenomenon is not unique to SMCs derived from the
aneurysmal aorta; venous SMCs from the same patient groups
showed similar increased levels of MMP-2 transcription.12
These data suggest that the regulation of MMP-2 gene ex-
pression is altered in patients with AAA. These findings may
therefore explain the reduction in elastin found throughout
the vasculature of patients with abdominal aneurysms.
In summary, this investigation showed that in the pres-
ence of AAAs there are mechanical changes to the IMV,
which might support a more widespread degenerative pro-
cess in the vasculature of this group of patients. This
vascular weakness correlates with a reduction in integrity
and amount of elastin, giving further support that elastin
depletion is an important early step in aneurysm formation.
We thank Colin Morrison and Dr Sarah Hainsworth for
technical support during vein mechanical testing.
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Table IV. Summary of tensile testing data shows that IMVs derived from patients with AAA are significantly weaker
and less stiff than IMVs collected from control group
AAA Controls P
Tensile strength (MPa) 1.405 (0.826-2.469) 2.853 (2.044-4.197) .007
Maximum strain 0.682 (0.370-1.009) 0.524 (0.462-0.779) .793
Young’s modulus (MPa) 2.223 (2.024-3.099) 5.361 (4.163-8.089) .001
Values are expressed as median (range).
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